The thermal stabilities of RNA:DNA hybrids are substantially greater than those of DNA:DNA duplexes in aqueous electrolyte solutions containing high concentrations of formamide. Association rates to form DNA:DNA duplexes and DNA:RNA hybrids have been measured in these solvents. There is a temperature range in which DNA:DNA rates are negligible and RNA:DNA rates close to optimal.
INTRODUCTION
Aqueous formamide is a useful solvent for studies of the rates of RNA:DNA and DNA:DNA association reactions because the reactions then proceed at a much lower temperature than in pure aqueous solvents (1, 2) . It has been shown that the Tm for the thermal denaturation of DNA decreases linearly with increasing formamide concentration (2) ; however there is much less data as to the effects of formamide on the stability of RNA:DNA hybrids.
There is a broad maximum in the temperature dependence of the rate of association of complementary DNA strands, with a center about 250 below the midpoint, T1/2d, of the thermal melting transition (3) . (We follow Hamaguchi and Geiduschek (4) and denote by T1/2d the midpoint of the thermal melting curve of a duplex polynucleotide measured at ambient temperature (optical assay) and by T1/2i the midpoint of the irreversible (HAP or ribonuclease assay) melting curve.) In the absence of further information, Tl/2d-2S is commonly chosen as the optimal temperature for an RNA:DNA reaction. However, Birnstiel et al., (5) have measured the formation rate and thermal dissociation temperature of RNA:DNA hybrids in 50% formamide solvents with the DNA bound to a membrane filter. These quantities were compared to the corresponding rates and thermal dissociation temperatures of DNA:DNA duplexes in solution, as measured by optical absorbance. Their data support the view that RNA:DNA hybrids are stabilized relative to DNA:DNA duplexes by formamide and that the optimum temperature for reassociation is greater than T1/2-25 v Schmeckpeper and Kirby (6) (9) . The crystals were collected by centrifugation at 1000 rpm in a International PR-6 centrifuge for 5 min in 200 ml glass centrifuge bottles fitted with fritted glass partitions in the center. The crystals were remelted and the process repeated 2 additional times. Recovery was generally 50 to 60%. The conductivity of the recrystalized formamide was 1.7pumho, and the absorbance at 270nm was 0.070. The ionic impurity in formamide is probably ammonium formate. An 8xlO3 M aqueous solution of this salt had a conductivity of 580pmho in the same cell. Formamide has a viscosity about three times that of H20. We therefore estimate the electrolyte content of the initial and purified formamide as 2.4xlO-2 M and 7xlO M respectively. Preparation of RNA and DNA. HeLa 28S and 18S rRNAs were prepared from a postmitochondrial supernatant stored in 807 ethanol (gift of Dr. G. Attardi).
RNA was precipitated with ethanol from phenol extracted ribosomes. 18S and 28S fractions were isolated by sucrose gradient centrifugation in NTE buffer, 0.5% SDS. E. coli H rRNA, a gift from Dr. Richard Deonier, had been prepared as described (10) . The molecular length of this RNA was greater than 1000 nucleotides. Human 32P DNA from RD-114 cells was a gift from Dr. Margery Nicolson. 32p and 3H E. coli DNA were prepared as previously described (10) , including HAP chromatography (11) and CsCl buoyant density centrifugation.
DNA for RNA:DNA hybridization was sheared by two passages through a Britten-Davidson press at 50,000 psi to an average single strand length of 450 nucleotides as determined by electron microscopy. DNA for thermal stability measurements was sonicated in 1M NaCl, 0.01 M Tris, lmM EDTA, pH 7.8, for repeated 30 sec pulses to an average double strand length of 570 nucleotides.
RNA was labeled with 125I by the procedure of Orosz and Wetmur (12) , followed by buoyant banding in sodium iothalamate (13) . Specific activities in the range of 3 to 6x106 cpm/pg were achieved, with a molecular length of 1000 to 1100 nucleotides as determined by gel electrophoresis in the presence of methylmercury hydroxide (14) . Thermal stability measurements The Tl/2i's of RNA:DNA hybrids in the absence of formamide were determined in 0.01 M NaCl, 1mM Tris, pH 7.8, and calculated for 0.3 M NaCl, 0.01 M Tris, lmM EDTA, pH 7.8, by adding 24° ( 15) . Melting curves of RNA:DNA hybrids in the latter electrolyte with different concentrations of formamide were determined by incubating the hybrids for 5 min at temperature intervals of 5°C. Aliquots were withdrawn, diluted 15 fold with lxSSC and incubated at 30°C for 1 hr in the presence of 40p.g/ml of RNAase A and 5 units/ml of Tl RNAase. Samples were then precipitated with 87 trichloroacetic acid, collected on glass filters (Whatman GFC) and assayed for radioactivity.
The Tl/2i's of 32P labeled sonicated DNAs were determined under the same conditions as stated above except that aliquot% were diluted 20 fold in 0.12 M NaP buffer. Samples were assayed for the amount of singlestranded and duplex DNA by HAP chromatography at 60°C (16) . The columns used were 5 ml syringes each containing 1 ml volume of HAP equilibrated in 0.12 M NaP at 600C. Samples were loaded on the columns and washed with 12 ml of 0.12 M NaP. Duplex DNA was eluted with 4 mls of 0.4 M NaP. Fractions were mixed with Instagel (Packard Instrument Co.) and radioactivity determined in a Beckman scintillation counter. Samples were withdrawn at various times and assayed for hybrid formation and DNA reassociation as stated under thermal stability measurements. RNA excess hybridization. RNA excess hybridization was performed by mixing 3H E. coli rRNA (specific activity lo35x104 cpm/1j.g) with sheared DNA to give an RNA/DNA ratio of 0.031. The reaction volume for each sample was 0.5 ml containing 0.5,ug of rRNA and 16pg of DNA in 807, formamide, 2xSSC. This represents a RNA sequence excess of 10 assuming 8-10 rRNA genes per E. coli chromosome of molecular weight 2.5xlO9 daltons. The final point of each rot curve contained 6pg of rRNA and 16p.g DNA in a 0.5 ml sample. Samples were heated to 8500 for 5 min then quickly equilibrated at the temperature used for hybridization. Samples were then diluted 15 fold in lxSSC at given times and assayed for hybrid formation as stated under thermal stability measurements.
RESULTS
Stability of formamide. Recrystalized formamide was tested for its stability at hybridization temperatures. It should be noted that this batch of (a) high formamide solvents. We have therefore studied the relative rates and extent of formation of RNA:DNA and DNA:DNA duplexes as a function of temperature using E. coli DNA and ribosomal RNA. These experiments were performed in 80% formamide, 2xSSC. Results of DNA excess experiments, shown in Fig. 6 (a through c) , show that as the reaction temperature is raised the DNA association rate is decreased until no reaction occur&. However, RNA:DNA association proceeds with more uniform kinetics and to a greater extent as the reaction temperature is increased (Figure 6a through c) . Hybridization is maximal at 50°C, a temperature at which no DNA:DNA association occurs.
The results of RNA excess hybridization experiments are presented in Fig. 7 . It can be seen that rate constants do not change appreciably over the 200C temperature range from 280 to 480C, however the amount of hybridization is 2 fold greater at 480C than at 28°C. A reduction in rate of hybridization is not observed until the very stringent hybridization temperature of 5600 is used.
DISCUSSION
Factors affecting thermal stabilities of duplexes. It should first be noted that the assay used for the stability of RNA:DNA hybrids in Figs. 2 and 3 consists of heating the hybrids to a given temperature, quenching, and Thus, these experiments measure the fraction of duplexes which undergo complete strand dissociation at a particular temperature. They are i or irreversibility assays as defined by Hamaguchi and Geiduschek (4) . All experiments were conducted with sheared DNA strands of average length 450 nucleotides and with RNA strands that were greater than 900 nucleotides in length. In general, the stability of a duplex molecule is determined by its G+C content. If there is intrastrand base composition heterogeneity, the temperature of dissociation for a given duplex is determined by the base composition of that segment, of length perhaps 50 to 100 nucleotides, which has the highest G+C content within the total duplex. On the other hand, an optical melting curve measures the fraction of base pairs broken at the ambient temperature; these base-pairs will reform on cooling if they are within a duplex molecule held together by some other G+C rich region. These are d or reversible assays. For aqueous solutions, T1/2i is usually 7 to 100 higher than T1/2d (4) . The effects of formamide on RNA:DNA hybrids are more complex. The data in Figs. 2 and 3 show that the curves of T1/2i as a function of formamide concentration are concave upwards. There is a relatively large negative slope from 0 to 20% formamide, but a much smaller slope from 50% to 90% formamide. The figures show that at very high formamide concentrations, the difference in stability between RNA:DNA and DNA:DNA duplexes is maximal.
The data in these figures also show that in aqueous solvents, using the T1/2i assays, RNA:DNA duplexes are slightly more stable than DNA:DNA duplexes.
For the case of E. coli rRNA:DNA as compared to average E. coli DNA:DNA, the difference in T1/2i is about 60; of this, about 10 may be attributed to the higher than average (53% vs. 50%)G+C content of rRNA (17) , Fig. 3 It is well known that data on relative thermal stabilities of homopolymer duplexes cannot be used for the accurate prediction of trends in the thermal stabilities of irregular natural polymers. Nevertheless, the overall thrust of the homopolymer data in Fig. 5 supports the two qualitative propositions that: a) with increasing G+C content, RNA:DNA duplexes become more stable relative to DNA:DNA duplexes; b) the effect of formamide in destabilizing duplexes is least for G+C rich RNA:DNA hybrids.
In summary then, the important general conclusion of this section is that RNA:DNA hybrids are more stable than DNA:DNA duplexes in high formamide solvents; this difference is greater for G+C rich polynucleotides.
Factors affecting the rate of association of complementary strands. The data in Fig. 2 show that in 80% formamide, 0.3M NaCl, the Tl/2i's of E. coli DNA and of E. coli rRNA:DNA hybrids are 380 and 570 respectively. The data on the rates of DNA:DNA and DNA:RNA duplex formation in a DNA excess reaction presented in Fig 6 were measured in 80% formamide, 2xSSC (Na+) = 0.39M at 280, 37°, and 500C, which we estimate to be 120, 30, and -10°below TlI2i for DNA:DNA duplexes and 31°, 220, and 90 below T1/2i for RNA:DNA hybrids.
At 280 and 37°, the DNA reassociation reactions go almost to completion. The RNA:DNA reaction proceeds slightly faster than the DNA:DNA reaction but only about 207 and 50% of the RNA form hybrids at the respective temperatures. We attribute this incomplete reaction in part to the removal of DNA strands by DNA:DNA reaction and in part to secondary structure in the RNA as discussed below in connection with Fig. 7. Fig. 6c displays the second major general conclusion of the present paper: in a high formamide solvent at a temperature intermediate between T1/2i for DNA:DNA and RNA:DNA duplexes (50°C in this case), the RNA:DNA reaction occurs almost quantitatively whereas there is no DNA:DNA reaction.
In order to determine DNA:RNA association rates without competition from DNA:DNA reactions, the RNA excess reactions reported in Fig. 7 were performed. The observed reaction rates are about the same at 280, 370, and 480, but the extent of reaction at the plateau is about twice as great at 480 as at 280 and corresponds to reaction with 0.64% of the DNA.
The observation that the extent of reaction is less at 280C than at 4800 is unexpected. For a reaction between a long RNA and an equally long or longer DNA molecule containing the full complementary sequence, one expects that if base pairing is initiated at one segment of the molecule, a complete duplex will form by a zippering reaction. In the present case, reaction is occurring between moderately long RNA strands and short (450 nucleotide) DNA strands. We interpret the incomplete reaction at 280 and at 3700 to indicate that there are some G+C rich segments in the RNA that form secondary structures that are stable at these temperatures and are not capable of initiating a pairing reaction with a complementary DNA strand, The plateau level of hybridization of 0.64% observed at 480 corresponds to 10 (16S + 23S) rRNA genes per 2.5x109 daltons of DNA. Since the DNA was purchased from a commercial source and was not extracted from cells in stationary phase, we do not believe that our data can be used to calculate the number of rRNA genes per haploid genome (22) . The large effect of temperature on the apparent saturation level of hybridization as shown in Fig. 7 may be characteristic of high formamide solvents and may not occur for hybridizations in aqueous solution. Nevertheless, the results in Fig. 7 suggest the possibility of error in RNA excess saturation hybridization experiments conducted at only one temperature.
It is of interest to compare the DNA:DNA and DNA:RNA reaction rates in 80% formamide, 2xSSC (0.39 M Na ) with those observed at the optimal temperature at the same electrolyte concentration in aqueous solution. 
